Introduction
============

Vascular remodelling promotes neurorestoration and is an important goal for neurorestorative therapy of ischaemic neural tissues \[[@b1]\]. Blood vessel/nerve interactions, ultimately, play essential roles for the neurovascular network and brain function. Neuroblasts migrate to blood vessels in an area exhibiting early vascular remodelling and persistently increase vessel density, and bursts of angiogenesis are concurrent with neurogenesis \[[@b2], [@b3]\]. New neurons in the adult brain preferentially migrate to the immediate vicinity of existing vasculature, an area that has been referred to as a 'vascular niche'. Endothelial cells release soluble factors that stimulate the self-renewal of neural progenitor cells and enhance neurogenesis \[[@b4]\]. Neurogenesis and angiogenesis are causally linked through vascular production of angiogenic factors \[[@b2], [@b5]\]. Angiopoietin 1 (Ang1) is an endothelial growth factor that functions as a ligand for the endothelial-specific receptor tyrosine kinase, Tie2. Ang1/Tie2 plays an important role in vascular integrity and neovascularization. Ang1 also promotes after-stroke neuroblast migration \[[@b2]\]. *In vivo* blockage of angiogenesis with intraventricular infusion of a neutralized Tie2 antibody substantially attenuates migration of neuroblasts newly born in the subventricular zone (SVZ) to the ischaemic region \[[@b2]\]. Neuronal recruitment and angiogenesis are mechanistically linked \[[@b6]\].

Vascular remodelling stimulates neurogenesis and enhances functional recovery after stroke \[[@b7], [@b8]\]. Vascular maturation and stabilization are required for functional angiogenesis \[[@b9]\]. The stabilization of endothelial cell barrier function within newly formed capillaries is a critical feature of angiogenesis. Vascular stabilization, which is defined as the investment of mural cells to the endothelial cell layer of nascent vessels, is critical for vascular development, angiogenesis and the maintenance of the established vasculature \[[@b9], [@b10]\]. The Ang1/Tie2 system controls pericyte recruitment, endothelial cells survival, and is implicated in blood vessel formation and vascular stabilization \[[@b11]\]. Ang1/Tie2 not only promotes angiogenesis and vascular maturation, Ang-1 is also expressed in the motor neurons in the ventral neural tube, and provides a cue for the sprouting vessels \[[@b12]\].

The use of 3-hydroxy-3-methylglutaryl (HMG)-CoA reductase inhibitors, or statins, constitutes a well-established and potent strategy for reducing cholesterol levels in human beings. Beyond lowering cholesterol, statins also exert many major beneficial effects, including enhancement of endothelial function, angiogenesis and reductions of inflammatory responses \[[@b13], [@b14]\]. Statin treatment of stroke animals induces angiogenesis and neurogenesis as well as improves functional outcome after stroke \[[@b15], [@b16]\]. Whether simvastatin regulates vascular stabilization and neuroblast migration to cerebral vasculature has not been investigated. In this study, we test the hypothesis that simvastatin increases Ang1/Tie2 expression, which mediates simvastatin-induced vascular stabilization and neuroblast microvasculature coupling after stroke.

Methods
=======

MCAo model and simvastatin administration
-----------------------------------------

Young adult male Wistar rats weighing 270--300 g (*n*= 30, age 2--3 month) were employed in all our experiments. All experimental procedures have been approved by the Institutional Animal Care and Use Committee of Henry Ford Hospital. Rats were anaesthetized with isoflurane. Transient right middle cerebral artery occlusion (MCAo) was induced for 2 hrs by advancing a 4-0 surgical nylon suture (18.5--19.5 mm) with an expanded (heated) tip from the external carotid artery into the lumen of the internal carotid artery to block the origin of the MCA \[[@b17]\]. After MCA, rats were randomly divided into two groups (*n*= 15/group): Group 1: MCAo alone for control. Group 2: simvastatin (1 mg/kg) was gavaged starting at 24 hrs after MCAo and daily for 7 days. Our previous studies have shown that 1 mg/kg simvastatin improved neurological functional outcome after stroke \[[@b15]\], therefore, the dose of 1 mg/kg simvastatin was employed in this study. Rats (*n*= 4/group) were sacrificed at 5 days after MCAo for BBB leakage measurement. Rats (*n*= 3/group) were sacrificed at 8 days after MCAo and brain tissue was isolated from the ischaemic core (core), ischaemic border zone (IBZ), which is adjacent to the ischaemic core, and the contra-lateral hemisphere (Contra.) (see [Fig. 1A](#fig01){ref-type="fig"}) for Western blot and real-time PCR assay. The ischaemic SVZ was isolated for SVZ explant cell migration assay. Rats (*n*= 8/group) were sacrificed at 14 days after MCAo for immunostaining.

![Panel A shows the regions where brain tissue samples were isolated from ischemic brain core (IC), ischemic border zone (IBZ) and homologous contralateral tissue (CL) for Western blot and real time PCR assay. Panel B shows the immunostaining measurement eight areas in the ischemic border (IBZ).](jcmm0013-1348-f1){#fig01}

Quantitative evaluation of Evans blue dye extravasation
-------------------------------------------------------

A total of 2% Evans blue dye in saline was injected intravenously as a BBB permeability tracer at 4 hrs before sacrifice at 5 days after MCAo. Coronal brain sections from bregma −1 to 1 mm were divided into the right and left hemispheres. Evans blue dye fluorescence intensity was determined by a microplate fluorescence reader (excitation 620 nm and emission 680 nm). Calculations were based on the external standards dissolved in the same solvent. The amount of extravasated Evans blue dye was quantified as micrograms per ischaemic hemisphere \[[@b18], [@b19]\].

Immunohistochemical staining
----------------------------

The brains were fixed by transcardial perfusion with saline, followed by perfusion and immersion in 4% paraformaldehyde before being embedded in paraffin. A standard paraffin block was obtained from the centre of the lesion (bregma --1 mm to +1 mm). A series of 6 μm thick sections were cut from the block. Every 10^th^ coronal section for a total five sections was used for immunohistochemical staining. Antibody against Ang1 (rabbit polyclonal lgG, 1:2000, Abecam, Cambridge, MA, USA), Tie2 (rabbit poly-clonal IgG antibody, 1:80 dilution, Santa Cruz, Santa Cruz, CA, USA), Occludin (Mouse monoclonal lgG antibody, 1:200 dilution, Zymed, San Francisco, CA, USA) and doublecortin (DCX), a protein expressed in migrating neurons (C-18, goat polyclonal IgG antibody, 1:200 dilution, Santa Cruz), were employed, respectively. Control experiments consisted of staining brain coronal tissue sections as outlined above, but the primary antibodies were omitted, as previously described \[[@b20]\].

Double immunofluorescence staining
----------------------------------

To specifically identify Ang1 or Tie2-reactive cells localized with DCX, double immunofluorescence staining was employed. Fluorescein isothio-cyanate (FITC) (Calbiochem, Gibbstown, NJ, USA) and cyanine-5.18 (CY5, Jackson Immunoresearch, West Grove, PA, USA) were used for double-label immunoreactivity. Each coronal section was first treated with the primary anti-Ang1, anti-Tie2 antibody with Cy3, and was then followed by anti-DCX with FITC staining. Control experiments consisted of staining brain coronal tissue sections as outlined above, but omitted the primary antibodies, as previously described \[[@b20]\].

Quantitation
------------

For quantitative measurements of Ang1, Tie2, Occludin and DCX, five slides from each brain, with each slide containing eight fields from the IBZ, ([Fig. 1B](#fig01){ref-type="fig"}) were digitized under a 20× objective (Olympus BX40) using a 3-CCD colour video camera (Sony DXC-970MD) interfaced with an MCID image analysis system (Imaging Research, St. Catharines, Canada) \[[@b21]\]. The data are presented as a percentage of positive area in each field.

Real-time PCR
-------------

Brain tissue from the IBZ was harvested and total RNA was isolated with TRIzol (Invitrogen, Carlsbad, CA, USA), following a standard protocol \[[@b22]\]. Quantitative PCR was performed with the SYBR Green real-time PCR method. Quantitative PCR was performed on an ABI 7000 PCR instrument (Applied Biosystems, Foster City, CA, USA) using 3-stage program parameters provided by the manufacturer, as follows: 2 min. at 50°C, 10 min. at 95°C, and then 40 cycles of 15 sec. at 95°C and 1 min. at 60°C. Each sample was tested in triplicate, and analysis of relative gene expression data was performed with the 2 ^−ΔΔCT^ method. The following primers for realtime PCR were designed using Primer Express software (ABI). **Ang1:** FWD: TAT TTT GTG ATT CTG GTG ATT; REV: GTT TCG CTT TAT TTT TGT AATG. **Tie2:** FWD: CGG CCA GGT ACA TAG GAG GAA; REV: TCA CAT CTC CGA ACA ATC AGC. **GAPDH:** FWD: AGA ACA TCA TCC CTG CAT CC; REV: CAC ATT GGG GGT AGG AAC AC.

Western blot
------------

Protein was isolated from brain tissue and cultured cells with TRIzol (Invitrogen) following standard protocol. Protein concentrations were determined by a DC protein assay kit (Bio-Rad, Hercules, CA, USA). Membrane lysate was used. Protein samples were electrophoresed on gradient sodium dodecyl sulfate--polyacrylamide gel (Bio-Rad) and subsequently electrotransferred to nitrocellulose membranes. Membranes were treated with blocking buffer for 1 hr at room temperature, followed by incubation with primary antibodies for anti-β-actin (1:2000; Sigma, St. Louis, MO, USA), anti-Ang1 (1 μg/mL; Santa Cruz Biotechnology, Santa Cruz, CA, USA), and anti-Tie2 (1 μg/mL; Santa Cruz Biotechnology) for 16 hrs at 4°C. The membranes were washed with blocking buffer without milk, and then incubated with horseradish per-oxidase-conjugated secondary antibody in blocking buffer. The bands were visualized with an enhanced chemiluminescence kit (SuperSignal; Pierce, Rockford, IL, USA).

Analysis of tyrosine phosphorylation of Tie2
--------------------------------------------

Cells were collected and suspended in lysis buffer for 30 min on ice, followed by centrifugation at 15,000 *g* for 15 min. The Tie2 protein was immunoprecipitated from the cell lysate using protein Glutathione Sepharose 4B gel beads (Amersham Biosciences, Picataway, NJ, USA) coated with anti-Tie2 antibody. After electrophoresis under reducing conditions performed with a gradient gel polyacrylamide (Bio-Rad), the immunoprecipitated Tie2 proteins were transblotted onto a nitrocellulose membrane. The membrane was incubated with either 1 μg/mL anti-Tie2 antibody or anti-phosphotyrosine (PTyr) antibody in a blocking buffer for 1 hr. The membrane was washed and incubated with horseradish peroxidase-conjugated IgG, then developed, as described above.

Rat brain microvascular endothelial cell (RBMEC) culture
--------------------------------------------------------

Rats were subjected to 2 hrs of MCAo and sacrificed at 7 days after MCAo. Rat brains were collected. The IBZ area tissue was isolated and digested in collagenase/dispase, and the microvessels separated by centrifugation in a Percoll (Sigma) gradient. Microvessels were seeded in flasks coated with rat-tail collagen and the medium was changed every 2 or 3 days. RBMECs were treated with or without simvastatin (0.1 μM) and cultured in Dulbecco's Modified Eagle's Medium (DMEM) with sodium pyruvate with 10% foetal bovine serum (FBS), 1% antibiotic/antimyotic (*n*= 3/group). Cells were left overnight before harvesting for real-time PCR and Western blot analysis.

Tie2 siRNA for mouse brain endothelial cells (MBECs)
----------------------------------------------------

Tie2 siRNA (Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA) was transfected using Lipofectamine 2000 (Invitrogen) following standard protocol. Briefly, MBECs were plated in 10 cm plates and allowed to culture until they were 80% confluent. They were then transfected with 8 μg Tie2 siRNA in serum-free media for 6 hrs. Afterwards, DMEM +20% FBS was added and cells incubated overnight. The following day, media was changed and 48 hrs later cells were passaged for the following experiments. Our previous studies have shown that Tie2 knockdown MBECs by siRNA significantly decreased (70--80%) Tie2 gene and protein expression \[[@b23]\]. The knockdown of Tie2 gene expression in MBECs was used in the following capillary tube formation assay.

Capillary-like tube formation assay
-----------------------------------

Briefly, 0.1 ml growth factor-reduced Matrigel (Becton Dickinson, San Jose, CA, USA) was added per well, and MBECs (2 × 10^4^ cells) were added and incubated in (1) regular cell culture medium (DMEM) for control; (2) simvastatin (0.1 μM); (3) simvastatin (0.1 μM) with anti-Ang1 antibody (1 μg/ml, Chemicon, Temecula, CA, USA); (4) Tie2 knockdown MBECs and (5) Tie2 knockdown MBECs treated with simvastatin (0.1 μM) for 5 hrs. All assays were performed in *n*= 6/group. For quantitative measurements of capillary tube formation, matrigel wells were digitized under a 4 × objective (Olympus BX40) for measurement of total tube length of capillary tube formation using a video camera (Sony DXC-970MD) interfaced with the multiple channel image display (MCID) image analysis system (Imaging Research, St. Catharines, Canada) at 5 hrs \[[@b24]\]. Tracks of endothelial cells organized into networks of cellular cords (tubes) were counted and averaged in randomly selected three microscopic fields \[[@b25]\].

SVZ explant cultures and cell migration measurement *in vitro*
--------------------------------------------------------------

To further test whether simvastatin affects neuroblast migration, we use an *in vitro* SVZ explant culture model. Rats were subjected 2 hrs MCAo and treated with or without simvastatin (1 mg/kg) daily for 7 days. Rats were sacrificed at 8 days after MCAo and SVZ explants were isolated from the ipsilateral of MCAo and simvastatin-treated rats. SVZ tissue was minced with a scalpel into pieces of ∼0.1 mm in each dimension. Explants were cultured within Matrigel in wells with 500 μl of Neuralbasal-A Medium containing 2% B27 supplement (Invitrogen). The cultured SVZ explants were treated in the absence or presence of anti-Ang1 inhibitor (1 μg/ml) for 7 days. Cell migration from the SVZ explant was measured using a phase contrast microscope and photographed at 4 × magnification with a digital camera. The average linear distance of cell migration from the edge of the SVZ explant were captured and measured at day 7 using the MCID software \[[@b26]\]. This average distance was assessed in each explant culture.

Statistical analysis
--------------------

Independent Samples t-test was used to test for Ang1, Tie2, DCX and Occludin gene and protein expression between two groups with and without simvastatin treatment *in vitro* and *in vivo*. One-way ANOVA and least significant difference (LSD) analysis after *post hoc* test was used for testing the data of capillary tube formation and SVZ cell migration *in vitro*. The data are presented as mean ±SE; *P* \< 0.05 is considered significant.

Results
=======

Simvastatin treatment decreases BBB leakage and increases Ang1, Tie2 and Occludin expression in the ischaemic brain
-------------------------------------------------------------------------------------------------------------------

To test whether simvastatin treatment of stroke rats decreases BBB leakage, vascular permeability was quantitatively evaluated by fluorescent detection of extravasated Evans blue dye \[[@b18], [@b19]\]. [Figure 2A](#fig02){ref-type="fig"} shows that simvastatin treatment of stroke significantly decreases BBB leakage compared to control MCAo rats.

![Simvastatin treatment decreases BBB leakage and increase vascular stabilization and Ang1, Tie2 expression in the ischemic brain. Panel A shows BBB leakage measured by Evans blue in MCAo and simvastatin treated rats, and the quantitative data. Panels B--D show Occludin (B), Ang1 (C) and Tie2 (D) expression in the IBZ in MCAo rats and simvastatin treated rats, and the quantitative data, respectively. Scale bar B, C and D= 50 μm Panel E shows Ang1 and Tie2 gene expression in the IBZ measured by real time PCR. Panel F shows Ang1 and Tie2 protein expression in the ischemic core, IBZ and contralateral hemisphere measured by Western blot assay.](jcmm0013-1348-f2){#fig02}

The Ang1/Tie2 axis plays a crucial role in mediating vascular stabilization and maturation \[[@b11]\]. The pericyte-derived multimeric Ang-1/Tie-2 pathway induces the expression of tight junction protein Occludin \[[@b27]\]. Occludin, is a tight junction protein, and an index of microvascular integrity \[[@b28]\]. To identify the mechanism by which simvastatin treatment decreased BBB leakage, Ang1/Tie2 and Occludin expression were measured in the ischaemic brain. [Figure 2B--D](#fig02){ref-type="fig"} show that simvastatin treatment significantly increases Occludin (B), Ang1 (C), and Tie2 (D) expression in the ischaemic border compared to control MCAo animals.

To confirm the immunostaining data and to measure Ang1 and Tie2 gene and protein expression, real-time PCR and Western blot assay were performed. Rats were subjected to MCAo and treated with or without simvastatin 1 mg/kg daily for 7 days and sacrificed at 8 days after MCAo. Brain tissues were isolated from ischaemic core, IBZ and contra-lateral hemisphere. Real-time PCR and Western blot assay was performed. [Figure 2E](#fig02){ref-type="fig"} shows that simvastatin treatment after stroke increases Ang1 and Tie2 gene (E) expression in the ischaemic border area compared to control MCAo rats. [Figure 2F](#fig02){ref-type="fig"} shows that simvastatin treatment also increases Ang1 and Tie2 protein (F) expression in the ischaemic core and IBZ. These data suggest that simvastatin decreases BBB leakage, increases vascular integrity and up-regulates Ang1/Tie2 and tight junction protein expression in the ischaemic brain after stroke.

Simvastatin treatment promotes neuroblast migration
---------------------------------------------------

Ang1 not only regulates angiogenesis and vascular stabilization, but also affects neuroblast migration after stroke \[[@b5]\]. DCX, is a marker of migrating developmental neuronal cells. To test whether simvastatin promotes neuronal migration, DCX immunostaining was performed in the coronal section. To test whether simvastatin-mediated increase of Ang1/Tie2 expression is related to neuroblast migration, DCX/Ang1 and DCX/Tie2 double immunostaining was performed. [Figure 3](#fig03){ref-type="fig"} show that simvastatin treatment (B and C) significantly increases DCX expression in the ischaemic border compared to control MCAo rats (A and C). The DCX positive cells were primarily located around vessels (D). The double immunostaining show that DCX positive cells also close to Tie2 (E) and Ang1 (F) reactive cells. These data suggest that simvas-tatin increases neuroblast migration, which may be mediated by increased Ang1/Tie2 expression and vascular remodelling.

![Simvastatin treatment increases DCX expression in the ischemic brain. Panels A--C show DCX expression in the IBZ in MCAo rats (A), simvastatin-treated rats (B), and the quantitative data (C). Panel D shows that the DCX positive cells were primarily located around vessels. Panels E and F show double immu-nostaining DCX/Tie2 (E) and DCX/Ang1 (F). DCX positive cells expression were close to Ang1 and Tie2 positive cells. Scale bar B= 100 μm, D 25 μm, E and F= 50 μm](jcmm0013-1348-f3){#fig03}

Simvastatin increases brain endothelial cell Ang1, Tie2 gene and protein expression and Tie2 activity
-----------------------------------------------------------------------------------------------------

To gain insight into the mechanism by which simvastatin promotes vascular stabilization and neuroblast-vascular coupling, RBMECs culture were employed. [Figure 4](#fig04){ref-type="fig"} shows that simvastatin treatment significantly increases RBMEC Ang1 gene (A), Ang1/Tie2 protein expression, and also promotes phospho-Tie2 activity (B) compared to non-treatment RBMEC control.

![Simvastatin regulates Ang1, Tie2 gene and protein expression and phospho-Tie2 activity in cultured RBMECs in vitro. Panel A shows Ang1 and Tie2 gene expression. Panel B shows Western blot and immunoprecipitation assay.](jcmm0013-1348-f4){#fig04}

Simvastatin increases capillary tube formation; inhibition of Ang1/Tie2 pathway attenuates simvastatin-induced capillary tube-like formation
--------------------------------------------------------------------------------------------------------------------------------------------

To test the mechanism of simvastatin regulation of angiogenesis, capillary tube-like formation assays were performed *in vitro*. [Figure 5](#fig05){ref-type="fig"} shows capillary tube formation after 5 hrs in culture.

![Simvastatin promotes capillary tube formation. Inhibition of Ang1 or knockdown Tie2 expression in MBECs attenuates simvastatin-induced capillary tube formation: Panels A--E show tube formation in DMEM (A), simvastatin treatment (B), simvastatin with anti-Ang1 antibody (C), Tie2 knockdown MBECs (D) Tie2 knockdown MBECs treated with simvastatin (E). Panel F shows quantitative data of capillary tube formation at 5 hrs after culture (*n*= 6/group). Scale bar E= 250 μm](jcmm0013-1348-f5){#fig05}

Simvastatin (B and F) significantly increases capillary tube formation compared to non-treatment control at 5 hrs after culture (A and F, *P* \< 0.05). Inhibition of Ang1 (C and F) significantly attenuates, but not completely inhibits simvastatin-induced tube formation (*P* \< 0.05). Knockdown Tie2 expression in endothelial cell (E and F) significantly inhibits simvastatin-induced tube formation (*P* \< 0.05). These data indicate that simvastatin induces angiogenesis. Ang1 partially mediates simvastatin-induced tube formation. In addition, Tie2 expression in endothelial cells is essential for simvastatin-induced tube formation.

Simvastatin induces SVZ explant cell migration. Inhibition of Ang1 attenuates simvastatin-induced SVZ cell migration
--------------------------------------------------------------------------------------------------------------------

To further test whether simvastatin induces neuroblast migration, we use an *in vitro* SVZ explant culture model. SVZ explants were isolated from MCAo and simvastatintreated rats. SVZ explants were cultured in matrigel and treated with Anti-Ang1 antibody for 7 days. SVZ explant migration length was measured at 7 days after culture. Our data ([Fig. 6](#fig06){ref-type="fig"}) show that simvastatin treatment (B and D) significantly increases SVZ explant cell migration compared to MCAo control SVZ explant (A and D). Inhibition of Ang1 using an anti-Ang1 antibody (C and D) significantly attenuates simvastatin-induced SVZ cell migration. These data indicate that simvastatin increases Ang1 expression, which promotes SVZ neuroblast migration.

![Simavstatin treatment increases SVZ cell migration, inhibition of Ang1 attenuates simvas-tatin-induced SVZ cell migration. Panels A--C show SVZ explant cell migration in MCAo control (A), simvastatin treatment (B), simvastatin with anti-Ang1 antibody (C). Panel D shows quantitative data of SVZ explant cell migration (*n*= 6/group). Scale bar A 500 μm.](jcmm0013-1348-f6){#fig06}

Discussion
==========

The present study demonstrated that treating stroke rats with simvastatin induces Ang1/Tie2 expression and increases phospho-Tie2 activity, as well as promotes angiogenesis, vascular stabilization and decreases BBB leakage. Inhibition of Ang-1 or knockdown Tie2 expression in endothelial cells by siRNA attenuates simvastatin-induced angiogenesis. In addition, simvastatin-induced Ang1/Tie2 expression increases SVZ cell migration. Inhibition of Ang1 attenuates simvastatin-induced SVZ cell migration.

During angiogenic vascular remodelling, supporting cells such as pericytes and smooth muscle cells are recruited to the vessels to provide structural support and stability for the vascular walls. Vascular remodelling also requires the mobilization of endothelial progenitor cells (EPCs) from the bone marrow and homing of progenitor cells to ischaemic tissue. The Ang1/Tie2 system controls pericyte recruitment, endothelial cell survival, and is implicated in blood vessel formation and vascular stabilization \[[@b11]\]. Ang1 acts directly on mural cells or their precursors to facilitate their recruitment to new blood vessels \[[@b29], [@b30]\]. Ang1-induced Tie2 phosphorylation is an essential process for vasculogenesis and maintaining vascular endothelial integrity \[[@b31]\]. Previous studies have found that the nitric oxide donor, (Z)-1-\[*N*-(2-aminoethyl)-*N*-(2-ammonioethyl) aminio\] diazen-1-ium-1,2-diolate (DETA-NONOate), increases expression of Ang1/Tie2 and plays an important role in regulating angiogene-sis and vascular integrity after stroke \[[@b32]\]. Nagaraja *et al*. found that simvastatin administered 30 min after stroke promotes acute neuroprotective effects and decreases BBB leakage \[[@b33]\]. Our data indicate that simvastatin promotes Ang1 and Tie2 gene and protein expression, significantly increases Tie2 phosphorylation and decreases BBB leakage as well as increases the tight junction protein, Occludin expression, in the ischaemic brain. In addition, statins facilitate the EPC mobilization and proliferation, and enhance endothelial differentiation of peripheral blood mononuclear cells in patients with hypercholesterolaemia \[[@b34]--[@b36]\]. Our previous studies have found that statins promote angiogenesis after stroke \[[@b15]\]. Inhibiting the Ang1/Tie2 pathway using anti-Ang1 antibody or Tie2, siRNA subsequently attenuates simvastatin-induced angiogenesis. Therefore, Ang1/Tie2 pathway may play a role in simvastatin-induced angiogenesis and vascular stabilization.

The 'vascular niche' may reflect coordinated development and maintenance of both the nervous and vascular systems \[[@b37]\]. Vascular signalling *via* angiogenesis influences neural progenitor cell migration and survival \[[@b38]\]. Immature neurons localize in the peri-infarct cortex in a neurovascular niche, where neurogenesis is causally linked to angiogenesis through the vascular factors \[[@b2], [@b6], [@b16], [@b38]--[@b40]\]. Ang1 has a unique role in the nervous system in addition to its angiogenic role \[[@b41]\]; it is a chemoattractant for neuronal migration and supports neurite outgrowth from dorsal root ganglion cells positive for Tie2 receptor \[[@b2], [@b5], [@b42]\]. The overlap in molecular signalling between after-stroke angiogenesis and neurogenesis suggests a continuum of vascular and neural reorganization in the tissue adjacent to stroke. Our data show that simvastatin increases Ang1 and Tie2 expression in the ischaemic brain as well as promotes neuroblast migration to Ang1 reactive cells. Inhibition of the Ang1/Tie2 pathway significantly attenuates simvastatin-induced SVZ cell migration. Therefore, the Ang1/Tie2 pathway may regulate the simvastatin-induced SVZ neuroblast migration to the cerebral microvasculature after stroke.

In conclusion, our data indicate that simvastatin up-regulates the Ang1/Tie2 expression, which partially mediates simvastatin-induced angiogenesis and vascular stabilization after stroke. Up-regulation of Ang1/Tie2 by simvastatin treatment also promotes neuroblast migration after stroke.

The authors wish to thank Cynthia Roberts, Yuping Yang and Qinge Lu for technical assistance. This work was supported by NINDS RO1 NS047682 (J.C), P50 NS23393 (M.C) and AHA 0750048Z (J.C).
